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Lactobacillus brevisThe reassembly of the S-layer protein SlpA of Lactobacillus brevisATCC 8287 on positively charged liposomeswas
studied by small angle X-ray scattering (SAXS) and zeta potential measurements. SlpA was reassembled on
unilamellar liposomes consisting of 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine and 1,2-dioleoyl-3-
trimethylammonium-propane, prepared by extrusion through membranes with pore sizes of 50 nm and
100 nm. Similarly extruded sampleswithout SlpAwere used as a reference. The SlpA-containing samples showed
clear diffraction peaks in their SAXS intensities. The lattice constants were calculated from the diffraction pattern
and compared to those determined for SlpA on native cell wall fragments. Lattice constants for SlpA reassembled
on liposomes (a=9.29nm, b=8.03nm, andγ=84.9°) showed amarked change in the lattice constants b andγ
when compared to those determined for SlpA on native cell wall fragments (a=9.41 nm, b=6.48 nm, and γ=
77.0°). The latter are in good agreement with values previously determined by electron microscopy. This indi-
cates that the structure formed by SlpA is stable on the bacterial cell wall, but SlpA reassembles into a different
structure on cationic liposomes. From the (10) reﬂection, the lower limit of crystallite size of SlpA on liposomes
was determined to be 92 nm, corresponding to approximately ten aligned lattice planes.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The outmost layer of the cell envelope of many bacteria and archaea
is a crystalline surface protein (S) layer. S-layers are composed of iden-
tical protein or glycoprotein subunits with molecular weights of
40–200 kDa, which form a regular, porous lattice with oblique (p1,
p2), square (p4) or hexagonal (p3, p6) symmetry. S-layer proteins at-
tach to the cell surface by non-covalent interactions. They reassemble
spontaneously in solution and on solid supports by an entropy-driven
process [1]. S-layers have varying functions in vivo, ranging from struc-
tural support of the cell shape to functions as molecular sieves, as bind-
ing sites for large molecules or as mediators of bacterial adhesion [2].
The detection and characterization of the S-layer lattice relies still
largely on electron microscopy [1,3]. S-layers have also been studied
by atomic force microscopy [4–6] and recently by small-angle X-ray
scattering [7–9]. SAXS provides information on the lattice constants
and crystallite size averaged over the whole volume of the sample,
whereas microscopic methods provide information only about local de-
tails. SAXS can be used to study biological samples suspended in buffer
solution, and temperature control of samples is possible. Unlike electron
microscopy, sample preparation for SAXS experiments does not requirechemical ﬁxation, staining, freezing or dehydration of the sample, and
with synchrotron sources, measurement times are reduced to minutes.
Liposomes are hollow aggregate structures that phospholipids form
when dispersed in aqueous solutions. The use of liposomes in biomedi-
cal and medical applications is highly diverse. They can be used, for in-
stance, to enhance drug delivery by encapsulating biologically active
molecules in the internal aqueous lumen or in the lipid bilayer [10,11].
S-layer proteins have successfully been reassembled on lipid surfaces,
both on planar ﬁlms and on liposomes [12]. S-layer coatings reduce
the leakage of the active molecules from liposomes, and have been
shown to stabilize liposomes against e.g. mechanical and thermal stress
[13], treatments with pancreatic extract and bile salts, and changes in
the environmental pH [14]. Further, S-layers reassembled on liposomes
have been suggested to function as immobilization matrices for func-
tional molecules [15] or as templates for constructing silica-enhanced
cages [16]. The S-layer protein of Lactobacillus acidophilus ATCC 4356
crystallizes readily on negatively charged phospholipid monolayers,
but forms only small patches on phosphocholine monolayers [17].
On the other hand, Hollmann et al. showed that the S-layer proteins of
Lactobacillus keﬁr JCM 5818 and Lactobacillus brevis ATCC 14869 reas-
semble on positively charged liposomes [14].
L. brevis ATCC 8287 is a putatively probiotic organism that has been
suggested as a possible platform to present vaccine antigens [7,18,19].
Its S-layer protein SlpA, a 46 kDa protein, facilitates the bacterium's
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stable protein [21]which forms a crystalline layer with oblique symme-
try. Lattice constants for the native S-layer were a = 9.39 nm, b =
6.10 nm and γ= 79.8°, as determined by electron microscopy [22].
In this study, we reassembled SlpA on the surface of positively
charged liposomes composed of 1-palmitoyl-2-oleyl-sn-glycero-3-
phosphocholine (POPC) and 1,2-dioleoyl-3-trimethylammonium-
propane (chloride salt) (DOTAP). Phosphocholines are zwitterionic
phospholipids which are the major constituent of biological mem-
branes, and DOTAP was chosen in order to have model vesicles with a
net positive charge. Cationic DOTAP liposomes are much used as trans-
fection agents for gene delivery, due to the spontaneously formed stable
complexes when mixed together with DNA [23].
The reassembly was studied by SAXS and the observed data were
complementedwith size and surface chargemeasurements by dynamic
light scattering (DLS) and zeta potential measurements, respectively.
The lattice constants for the S-layer reassembled on liposomes were
compared to those of the native S-layer on L. brevis ATCC 8287 cell
wall fragments. To our knowledge, SAXS has not previously been used
to characterize S-layer reassemblies on liposomes.
2. Materials and methods
2.1. Puriﬁcation of the S-layer protein and preparation of native cell wall
fragments
The gene encoding the S-layer protein SlpA of L. brevis ATCC 8287
was expressed in Escherichia coli BL21 (DE3), and recombinant SlpA
(rSlpA) with an N-terminal hexahistidine tag was puriﬁed under dena-
turing conditions as previously described [22]. After the afﬁnity puriﬁ-
cation, dialyzed rSlpA was centrifuged for 20 min (15,000 g) at +4 °C
and the supernatant was stored at−86 °C. Before liposome prepara-
tion, the protein in 4.24 mM sodium phosphate buffer at pH 7.4 (ionic
strength of 10 mM) was centrifuged for 30 min (27,000 g), and the
supernatant (190 μg/ml) was used for the preparation of liposomes.
For the preparation of crude cell wall fragments, L. brevis ATCC 8287
cells were grown in 1 L of MRS medium (Difco, Detroit, MI, USA) at
37 °C overnight. The cells were collected by centrifugation, washed
once with 50 mM Tris-HCl (pH 7.5), resuspended and disrupted by
French Pressure Cell Press (SLM Instruments Inc., IL, USA). The lysate
was centrifuged at 3000 g for 5 min at +4 °C, washed ﬁve times with
50 mM Tris-HCl (pH 7.5) and resuspended in 50 mM Tris-HCl at pH 7.5.
2.2. Liposome preparation
Lipids used for liposome preparation were 1-palmitoyl-2-oleyl-sn-
glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-3-trimethylammonium-
propane (chloride salt) (DOTAP) purchased from Avanti Polar Lipids
(Alabaster, Alabama, US).
The lipids were dissolved in chloroform prior to liposome prepara-
tion. POPC wasmixedwith DOTAP at a ratio of 70:30 mol%. Chloroform
was evaporated under nitrogen ﬂow and further under vacuum for 1 h.
The dry lipid ﬁlm was rehydrated in 1.2 ml of 4.24 mM sodium phos-
phate buffer at pH= 7.5 (ionic strength of 10mM) or in 1.2 mL of sodi-
um phosphate buffer containing 190 μg/mL of SlpA. The total liposome
concentration was 2 mM in both cases. Control liposomes (i.e. those
lacking SlpA) were kept at 60 °C for an hour, with occasional mixing.
SlpA-containing samples were kept under agitation for 180 min at
room temperature.
Unilamellar vesicles were prepared by extrusion of multilamellar
vesicles. The extrusion was done after the addition of SlpA to avoid
the dilution of the protein sample. Due to the low transition tempera-
ture of the lipids (−2 °C for POPC [23] and 0 °C for DOTAP [24]), the
extrusion could be performed at room temperature with an Avanti
Mini Extruder using membranes with 50 nm and 100 nm pore sizes
and repeated 19 or 21 times. The extruded sampleswere stored at+4 °C.2.3. Zeta potential and size measurements
The size distribution and zeta potential of the liposomeswere exam-
ined by Zetasizer Nano-ZS (Malvern Instruments Ltd, Worcestershire,
UK). The samples lacking SlpA were diluted 20-fold and the samples
containing SlpA 30-fold. DLS was measured at 20 °C using a helium–
neon laser at the wavelength of 633 nm, detection angle of 173°, and
the viscosity value was set at 1.0031 cP (for water). Measurements
were repeated three times and an average intensity was calculated.
Zeta potential measurements were done at 20 °C, and a dielectric con-
stant of 80.4 (for water) and a viscosity value of 1.0031 cP (for water)
were used in the calculations. The applied electric ﬁeld strength was
150 V/cm. One run consisted of ten individual measurements and the
results were expressed as the mean values of three runs.
2.4. SAXS measurements
SAXS measurements of the liposome samples were conducted on
beamline I911-SAXS at MAX-lab, Lund, Sweden [25]. The sample-to-
detector distance was 1.9 m and the wavelength λ = 0.091 nm. The
ﬂow-through cell set-up was used, with sample volumes of 30 μL. The
measurement times were 10 x 1 min. The sample was oscillated slowly
during themeasurement to subject a larger sample volume to the beam,
minimizing radiation damage. The damage was monitored by compar-
ing the ﬁrst measurement with the later ones (see supporting
information).
The angular calibration was done with a silver behenate standard
sample, yielding a q-range of 0.085 nm−1 b q b 4.9 nm−1, where q is
the length of the scattering vector described as q = (4πsinθ) / λ, with
θ being half of the scattering angle. The calibration and data reduction
were done by the software Bli911-4 available at the beamline. The inte-
grated intensity was normalized by transmission and the background
scattering was subtracted.
SAXS measurements of native bacterial cell wall fragments were
performed using a rotating anode X-ray tube (UltraX18S, Rigaku) with
1.6 m sample to detector distance and a Pilatus 1 M detector. The radi-
ation (CuKα1, λ= 0.154 nm) was focused in the vertical direction by
an elliptical mirror andmonochromatized and focused in the horizontal
direction using an asymmetrically cut, bent Si-111 crystal. The sample
was pelleted by centrifugation and measured in a metal ring (thickness
of 1 mm) sealed on both sides with Mylar foil. The measurement time
was 10 h. The angular calibration was donewith a silver behenate sam-
ple, and the q-range was found to be 0.20–4.2 nm−1. No normalization
by transmission was done for these data.
3. Results and discussion
3.1. Diameter and zeta potential
The adsorption of SlpA on model liposomes was studied using cat-
ionic liposomes composed of 70/30 mol% POPC/DOTAP. The liposomes
were prepared by extrusion and membranes with two different pore
sizes, 50 and 100 nm. The purpose was to investigate whether the cur-
vature of the liposome would affect the adsorption of the protein onto
the membrane surface.
The diameter distribution of both SlpA-containing and reference
liposome sampleswasmeasuredbyDLS (Fig. 1). The reference liposome
sample extruded through the 100 nm membrane had a maximum
in volume probability at 128 nm, while the corresponding SlpA-
containing liposome sample had a maximum in volume probability at
148 nm. The reference liposome sample extruded through the 50 nm
membrane gave a slightly smaller diameter with amaximum in volume
probability at 98 nm. The corresponding SlpA-containing liposome sam-
ple had also in this case a larger diameter than the crude liposome;
however, the volume probability distribution of the sample showed
two distinct peaks with maximums at diameters 27 nm and 113 nm,
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Fig. 1. Diameter distribution of SlpA-containing and reference liposomes determined by
DLS. Reference liposomes extruded through 100 nmmembranes (solid line), reference li-
posomes extruded through 50 nmmembranes (dashed line), SlpA-containing liposomes
extruded through 100 nm membranes (■) and SlpA-containing liposomes extruded
through 50 nm membranes (●) were analyzed by DLS. Shown are volume probability
(main image) and number probability (inset).
−20 −10 0 10 20 30 40 50 60 70
0
5
10
15
20
25
30
35
40
Zeta potential (mV)
N
or
m
al
iz
ed
 p
ro
ba
bi
lity
 (%
)
Fig. 2. Zeta potentials of liposome samples. Shown are the zeta potentials of reference
liposomes extruded through 100 nmmembranes (solid line) or 50 nm membranes (▲),
of SlpA-containing liposomes extruded through 100 nmmembranes (■) or 50 nmmem-
branes (●) and the zeta potential of SlpA (dashed line).
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Fig. 3. SAXS intensity as the function of themagnitude of the scattering vector. The scatter-
ing intensities of SlpA-containing liposomes extruded through 100 nm (○) or 50 nm
membrane (□) are shown together with the intensities of respective reference samples
(solid lines). Curves have been vertically shifted for clarity.
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values is likely due to small protein aggregates.
Both SlpA-containing samples showed, in addition to the intensity
maximum corresponding to the extruded liposomes, also a broad and
ill-deﬁned peak at higher values. This was most probably due to the
presence of a small amount of contamination of the sample. One possi-
ble explanation is that if protein was dislodged in the extrusion process,
few but large protein aggregates have formed in the sample after extru-
sion, before the size measurements. As the inset of Fig. 1 shows, the
number of these large aggregates is negligible.
Due to the small difference between the native liposomes extruded
through 50 and 100 nmmembranes,we are unable at this stage to com-
ment on the effect of the liposome curvature on the adsorption of SlpA.
However, the size distributions of SlpA-containing liposome samples
were wider and the average diameter of SlpA-covered liposomes was
somewhat larger than that of the respective reference samples for
both samples extruded through 50 nm and 100 nmmembranes.
The zeta potentials of the SlpA-containing and reference samples
differed from each other to some extent (Fig. 2). The zeta potential of
reference liposomes was, as expected, positive, although the reference
liposome sample extruded through the 50 nm membrane showed a
smaller peak at lower potential, indicating an uneven distribution of
the positively charged lipids in the liposomes (Fig. 2). The average
zeta potential was 34.8 mV for the 100 nm reference sample and
32.6 mV for the 50 nm reference sample.
A shift was observed in the zeta potential of the liposomes by the ad-
dition of SlpA (Fig. 2). The maximum of the zeta potential peak shifted
to a lower value. The average zeta potential and its standard deviation
were 27.1 mV for the liposome sample extruded through the 100 nm
membrane and 26.6 mV for the liposome sample extruded through
the 50 nm membrane. A shift in the zeta potential indicates a change
in the surface charge of the particles in suspension, indicating reassem-
bly of SlpA on the liposomal surface.
For comparison, the zeta potential of SlpA in solution was also mea-
sured. Its zeta potential distribution was centered around zero, indicat-
ing that the soluble fraction of the protein was prone to rapid
aggregation. The comparison of the zeta potentials in Fig. 2 clearly
shows that the SlpA-containing liposome sample differed from both
the reference liposome samples and SlpA, in terms ofmeasured zeta po-
tential. The data indicate that the SlpA-containing liposome samples arestable and not prone to aggregation at the time of the zeta potential
measurements, although some aggregation of proteins may have hap-
pened during sample preparation and after the extrusion.3.2. SAXS results
The SAXS intensities of both SlpA-containing and reference lipo-
some samples shared features related to the liposome structure. Fig. 3
shows the scattering intensities of all samples. The wide maximum at
q = 1 nm−1 is visible in all curves. This maximum corresponds to a
Bragg distance of 6 nm and relates to the thickness of the lipid bilayer
in the liposomes [26]. A difference between the SlpA-containing and
reference samples was evident in the scattering intensity at lower an-
gles, with the scattering intensities starting to diverge at q b 1 nm−1.
This was particularly clearly visible for the sample extruded through
the 100 nmmembrane.
After subtracting the intensity of the reference sample as back-
ground, several peaks were found in the low q-range (Fig. 4). However,
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Fig. 4. Scattering intensities of SlpA on liposome samples. Shown are the scattering inten-
sities of SlpA on liposome samples extruded through 100 nmmembranes (1) and SlpA on
liposome samples extracted through 50 nm membranes (2). Arrows point at diffraction
peaks indicating the presence of crystalline structures. Curves have been shifted vertically
for clarity.
2102 I. Kontro et al. / Biochimica et Biophysica Acta 1838 (2014) 2099–2104the concentration of SlpA used was much lower than usually recom-
mended for SAXS — for solution SAXS, concentrations of 1.0–10 mg/ml
are typical [27]. Discerning diffraction peaks from the noise peaks with
width of one data point is not possible for most peak locations. To obtain
better signal-to-noise ratio, samples were centrifuged at 4000 g for
10min, and roughly 80% of the liquidwas removed. To subtract the back-
ground, the data were normalized in the high q-range (q N 2 nm−1) and
the intensity of the reference samplewas subtracted from the intensity of
the centrifuged sample, leaving the intensity of SlpA. As seen in Fig. 5,
scattering intensities of SlpA from both SlpA-containing samples showed
diffraction peaks. The presence of these peaks indicated a good crystalline
order in the samples. The diffraction peaks are due to S-layer crystallites
on the liposomal surface, as precipitated SlpA does not possess a regular
structure (see supporting information). When the diffraction pattern of
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Fig. 5. The scattering intensities of SlpA on SlpA-containing liposomes and native cell wall
fragments. Shown are the scattering intensities of SlpA-containing liposomes extruded
through 100 nm membranes (1), SlpA-containing liposomes extruded through 50 nm
membranes (2), and native cell wall fragments (3). Major reﬂections are indicated by
arrows and corresponding indices. Curves are shifted vertically for clarity.pattern of SlpA on bacterial cell wall fragments, some diffraction peaks
remained in the same position while others had shifted.
Both SAXS results and zeta potentialmeasurements indicate that the
reassembly was successful. The diffraction pattern indicates that crys-
tallites with regular order in two dimensions were formed. Previously,
Hollman et al. have also reported reassemblies of S-layer proteins
from L. keﬁr JCM 5818 and L. brevis ATCC 14869 on positively charged li-
posomes [14,28]. The ability of these proteins to reassemble on positive-
ly charged surfaces is particularly interesting, as the predicted overall pI
values of Lactobacillus surface layer proteins are generally high (9.4–
10.4) [3]. We also attempted to reassemble SlpA on neutral and nega-
tively charged liposomes (see supporting information) but good crystal-
lites were not formed on these surfaces. Interestingly, the S-layer
protein of L. acidophilus ATCC 4356 reassembles readily on negatively
charged but not on neutral (zwitterionic) lipid monolayers [17]. On
the surface of bacteria, the S-layer proteins attach non-covalently to
cell wall carbohydrates, which are neutral or negatively charged, and
some Lactobacillus S-layer proteins bind selectively to e.g. teichoic
acids or non-teichoic acid polysaccharides [3]. While the S-layer
proteins of Lactobacilli share certain common features, such as the
high predicted pI and small size, they show awide variation in their abil-
ity to bind to liposomal surfaces of differing surface charge properties.
3.3. The S-layer lattice and crystallite size
The diffraction peaks in the SAXS intensity pattern indicate that the
S-layer proteins have formed crystals. For a two-dimensional crystal lat-
tice, a diffraction peak at qhk corresponds to indices h and k and lattice
constants a, b, and γ:
qhk ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2πh
a sinγ
 2
þ 2πk
b sinγ
 2
−2 2πh
a sinγ
 
2πk
b sinγ
 
cos γð Þ
s
: ð1Þ
The lattice constants for the S-layerwere calculated from the diffrac-
tion pattern by assigning h and k indices to theﬁrst diffraction peaks and
solving the lattice constants from Eq. (1). The position of the other re-
ﬂections was monitored and calculations repeated until positions
matched observed reﬂections by ﬁtting diffraction peaks to the scatter-
ing intensity. The precision of the positions of the diffraction peaks was
determined to be Δq = 0.01 nm−1. As shown in Fig. 5, the diffraction
patterns obtained with SlpA-containing liposomes and native cell
walls differed slightly, indicating differences between the SlpA structure
on the native cell wall and on the positively charged liposome. For the
native S-layer on cell wall fragments, the lattice constants were a =
(9.41 ± 0.40) nm, b= (6.48 ± 0.40) nm, and γ= (77.0 ± 2.4)°. This
is in good agreementwith the constants previously determined by elec-
tron microscopy: a= 9.39 nm, b= 6.10 nm, and γ= 79.8° [22], even
though the sample in SAXS measurements consisted of crude cell wall
fragments, while the electron microscopy sample was a freeze-etch of
a whole bacterial cell. As the accuracy of the EM measurements is
±5% (Dietmar Pum, personal communication), which is very close to
the accuracy of the SAXSmeasurement, we cannot comment onwheth-
er the slight difference in lattice constant b results from a real difference
in the S-layer on whole bacteria and bacterial cell wall fragments, or
whether the lattice constant has changed by 6%. The difference is
small and indicates that S-layers are highly stable on the bacterial cell
wall.
For the S-layer reassembled on liposomes, the calculation yielded
lattice constants of a = (9.29 ± 0.33) nm, b = (8.03 ± 0.33) nm,
and γ= (84.9 ± 2.5)° for the samples extruded through both 50 nm
and 100 nm membranes. The lattice constant a is similar to that ob-
tained with SlpA on cell wall fragments, but the change in lattice
constants b and γ are signiﬁcant. The change in lattice constants
is visualized in Fig. 6, with SlpA drawn with p2 symmetry (see
supporting information).
Fig. 6. A schematic representation of the change in the lattice constants of arrays of SlpA. Shown are native SlpA on cell wall fragments (left) and SlpA reassembled on liposomes (right).
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Δ2θð Þ2− Δ2θinstð Þ2
q
cosθ
; ð2Þ
where λ is the wavelength of the radiation, Δ2θ the full width at half
maximum (FWHM) of the reﬂection and θ half of the scattering angle
2θ. As the instrumental broadening Δ2θinst for the linewidth was
unknown, the crystallite size was calculated twice to get an upper and
lower limit for crystallite size. The lower limit of crystallite size was cal-
culated by setting the instrumental broadening as zero, and the upper
limit by using the FWHM of the (001) reﬂection of the silver behenate
(0.036 nm−1) as the instrumental broadening.
Determined from the FWHM of the (10) reﬂection (0.065 nm−1),
the crystallite size for the 100 nm POPC/DOTAP sample was 92 nm b
s b 114 nm. This corresponds approximately to the length of ten unit
cells in the corresponding direction. This peak is clearly the best de-
ﬁned of the diffraction peaks, and the size of the crystal in other direc-
tions could not be reliably determined.
The liposome dimensions are signiﬁcantly smaller than those of a
bacterium. When using SAXS to study the S-layer of whole bacteria,
Sekot et al. [9] found crystallite sizes corresponding to twenty unit
lengths, or 300 nm, for the S-layer of Aquaspirillum serpensMW5, indi-
cating that even on the native surface, the S-layer does not form a con-
tinuous crystal. In this study, the crystallite size is signiﬁcant when
compared to the liposome size, but does not indicate that a single crystal
would cover the circumference of the liposome even at its longest di-
mension, as the DLS measurements indicate that the average diameter
of SlpA covered liposomes is 113–148 nm depending on the pore size
of the membrane. This corresponds to a circumference of 360–460 nm.
At 100 nm, the crystallite size corresponds to approximately ten unit
cell lengths in the direction of lattice constant a. As this corresponds to
the direction where lattice constants remained unchanged, it indicates
that the S-layer is most stable in this direction. The other direction, b,
has fewer units aligned, and also changed signiﬁcantly in the reassem-
bly. These changes may be related: the protein molecule, while
interactingwith the liposome surface, adopts a slightly different confor-
mation, leading to an increase in b and a reduced tendency for symme-
try in this direction.Whether this is due to the curvature of the liposome
surface or its surface charge properties could not be determined.
4. Conclusions
The S-layer protein SlpA of L. brevis ATCC 8287 was found to reas-
semble on positively charged liposomes. Both SAXS measurements
and zeta potential measurements supported this conclusion. The self-
assembly could be seen from the SAXS intensity as a difference in the in-
tensity in the low q-range, with clear diffraction peaks indicating that
the reassembly is crystalline.
We showed that SAXS is a useful technique in characterizing
the properties of crystalline structure formed by S-layer proteins, and
with a synchrotron source, even dilute samples (SlpA concentrationb 0.2 mg/ml) could be measured. The lattice constants determined
from the SAXS intensity of bacterial cell wall fragments, a = 9.41 nm,
b= 6.48 nm, and γ= 77.0°, corresponded very well to the lattice con-
stants previously determined by electron microscopy. The agree-
ment of the average structure determined by SAXS and the local
structure determined by electron microscopy supports the use of
SAXS to study S-layers, and shows that on the bacterial cell surface,
the S-layer is very stable as differences in sample preparation did not
seem to inﬂuence the structure.
While the S-layer is very stable on the cell surface, it does not reas-
semble to exactly the same structure on all surfaces. SAXS has a resolu-
tion that allows for monitoring changes in lattice constants, and
different sample types can easily be compared. We discovered that
one of the lattice constants determined for SlpA reassembled on posi-
tively charged liposomes had changed compared to the native state:
the shorter lattice constant b had increased by 24% (1.6 nm) while the
change in the longer lattice constant awas negligible. From the diffrac-
tion pattern, the size of the crystallite was calculated to be around
100 nm in [10] direction, but as the other diffraction peaks were
wider and less well deﬁned, the corresponding crystallite size could
not be calculated. As the lattice constant a remained unchanged, both
the crystallite size and the lattice constants indicated better stability of
the reassembly in this direction.
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